Illustrations
11. Solidification cracking susceptibility of GTA and pulsed YAG laser welds showing region of cracking behavior for both processes (Ref.4) 
Introduction
Austenitic stainless steels are used in a wide range of applications, oilen because of their good corrosion resistance, mechanical behavior, and magnetic properties. However, because of their high work-hardening rate, toughness, and ductility, these materials are known to be difficult to machine. In general, tools run hotter with more tendency to form buildup at the tool edge, chips are stringier with the tendency to tangle, tool chatter can be exacerbated, and feed rate can be more critical than with other materials. The use of free machining grades can greatly reduce machining time and improve surface quality. Commonly, the free machining grades are alloyed with small amounts of low volubility elements such as sulfi.u, lead, and selenium. These elements aid machinability by forming precipitates or inclusions that cause the chip to break into short pieces instead of continuing as lengthy turnings. Also the inclusions appear to help lubricate the tip of the tool at the cutting edge that minimizes galling and seizing.
Free machining stainless steels have seen little use in applications involving welding. The two concerns restricting their use are weld hot cracking and uncertainties in weld mechanical properties. However, it has been shown for AISI 303, the most widely used free machining grade (alloyed with sulfur), that if the welds solidi& as primary ferrite they can be very resistant to cracking (Refs. 1-4).
For gas-tungsten arc (GTA) welds, the critical Creq/Nieq ratio for ferrite solidification was found (Refs. 3, 4) , when using Hammer and Svensson equivalents (Ref. 5) , to be in the range of 1.55-1.6. For pulsed laser beam welds, the critical value was found to increase to - 1.75 (Refs. 3, 4) . In essence, this is due to the fact that higher Creq/Nieq ratios are required to maintain ferritic solidification at higher solidification velocities where dendrite tip undercooking increases more rapidly with increasing solidification velocity during ferrite solidification than during that of austenite .
It was also shown in Ref. 4 that at higher SUM.Ulevels, the transition in solidification mode appeared to be shifted to slightly higher Creq/Nieq ratios. Moreover, it was observed for GTA welds, that solidification cracking susceptibility increased for Creq/Nieq ratios above -1.9. It should also be noted that the heats studied contained a high level of phosphorous that is also known to promote cracking (Refs. 13-1 6) . Nevertheless, with high levels of sulfur, a range in compositions that contained Creq/Nieq ratios between -1.7 to 1.9 showed good welding behavior for both GTA and laser welding processes. These two processes cover an extremely wide range in solidification velocities.
The second area of concern with high sulfur levels is the uncertainty in weld mechanical properties. The presence of solidification cracks could certainly have a catastrophic effect on weld strength and ductility. However, in the absence of solidification defects, the presence of Mn and Cr containing sulfides may, in themselves, be expected to have an adverse affect on weld properties. A goal of this study was to determine the effects of sulfur content and Creq/Nieq ratio on all weld metal tensile properties of crack free GTA and EB welds. The alloys used to study mechanical properties were identical to those used in the earlier solidification and cracking studies (Ref. 3, 4) .
Materials and Experimental Procedures
The chromium and nickel contents were adjusted to provide a range of &@lie~ratios in ten experimental induction melted heats of AISI 303 stainless steel. The 11-kg cast ingots were homogenized and hot rolled into strips -7.6 cm wide and 3.2 mm thick. As can be seen in Table  1 , all other alloying elements were held constant except for sulfi.u-that was varied from 0.04 to 0.4 wt.%. Phosphorous, an impurity known to promote solidification cracking, was held at the maximum allowable level of 0.03 Wt. O/O and should therefore represent a worst case. All weld metal GTA tensile specimens were made from 3.2-mm-thick plates welded from each side to produce full penetration welds that were approximately 6 mm wide at the stiace. The welds were made using 120 A, 9.3 V with Ar shielding at a travel speed of 3 mm s-]. Flat, dogbone tensile specimens machined from these welds were 1.3 mm thick and had a reduced gage section 3.2 mm wide and 19 mm long. Electron beam welds made from the same plate were also butt welded from each side. Welds were made at 25.4 mm/see using 130 kV and 32 mA with circular deflection and a defocused beam. Flat tensile specimens used for the all weld metal EB tensile properties were 2.54 mm wide and 1.27 mm thick. Samples were tested using with a non-contacting, laser extensometer at an initial strain rate of 0.005 s-l.
GTA Weld Results
The GTA weld microstructure corresponded closely to those expected from consideration of the Cr.@Ji.~ratios . A schematic of the solidification behavior and idealized microstructure is shown in Fig. 1 with Cr.@Ji~~ratio increasing from left to right. The two schematic representations at the left of the figure correspond to primary austenite solidification, with the one at the higher ratio depicting solidification with some eutectic ferrite (austenite/fernte solidification). The three primary ferrite solidified structures are shown in the right side of the figure. The change in solidification mode from primary austenite to primary ferrite increases with increasing solidification velocity, but for typical GTA welds when using Hammer and svensson equivale~s occurs at a Cr.@Ji.~ratio of- 24) . However, it should be noted that welds oflen contain several of the microstructure shown adjacently in the schematic of Fig. 1 . The heats with a Cre~/Nie~ratio of 1.55 solidified in a mixed mode, with some regions of primary austenite with eutectic ferrite, and others as primary ferrite with skeletal ferrite. This Crw/Nie~ratio is close to that where the transition in solidification mode is commonly believed to change from primary austenite to primary ferrite . However, in general, it was found that the two heats solidified somewhat differently. Heat 7 with the higher sulfhr content, 0.1 lwt.'Yo,solidified largely as primary austenite while Heat 1 with 0.04 wt.% sulfur solidified largely as primary ferrite.
The microstructure of Heat 7 is shown in Fig. 2 (A) and is characteristic of primary austenite solidification in which a small amount of eutectic ferrite is contained at the solidification cell and grain boundaries (austenitejferrite solidification, see Fig. 1 ). Large numbers of sulfide inclusions are also present and confined to the solidification boundaries. Scanning electron microscopy (SEM) with energy dispersive spectrometry (EDS) analysis showed that the sulfides contain manganese with smaller amounts of chromium.
The weld microstructure of Heat 9 with a sulfur content of 0.27 wt.% shown in Fig. 2(B) , is characteristic of welds with Cre#lie~ratios of-1.7. The primary ferrite solidified weld (ferritelaustenite solidification) exhibits a skeletal ferrite morphology. However, at this cr~~~i~r atio, some regions of lathy ferrite (see Fig. 1.) were also observed. Large amounts of sulfides are again present both along the solidification cell boundaries as well as along ferrite austenite interphase boundaries. This primary ferrite skeletal structure is similar to the primary ferrite solidified regions of the welds with the Cr.#li.~ratio of 1.55.
The final weld microstructure,
Figs. 2(C) and (D), are those from heats with the highest Creq/Nieq ratio of -1.9. The microstructure of Heat 2 with a Cr.@Ii.~ratio of 1.95 and a sulfur content of 0.04wt.0/0 is shown in Fig. 2(C) . This weld exhibits primarily a lathy ferrite structure where it is evident that the laths extend over several solidification cells, and that solidification occurred completely as ferrite . Small sulfide particles are present at both intradendritic ferrite austenite boundaries and within the solidification boundaries. The presence of intracellular sulfides indicates that, unlike primary austenite solidification, some of the liquid sulfides are trapped during ferrite solidification, rather than rejected to the cell boundaries.
The weld microstructure of Heat 6 with a Creq/Nieq of 1.92 and the highest S content, 0.42wt.%, is shown in Fig. 2(D) . Large quantities of sulfides are present along both the solidification cell boundaries and the ferrite austenite interphase boundaries. However, clusters of finer sulfide particles at the interdendritic regions are also present at this high sulfur content. Longitudinal, all weld metal GTA tensile properties are given in Table 2 . The yield and ultimate tensile strengths, uniform and total elongation, and reduction in area at fracture (RA) are shown along with Creq/Nieq ratio and sulfur content and are the average of two tests per heat. The graphical representation of the data in Fig. 3 shows the correlation between strength and FN. It can be seen that an increase in calculated FN fi-om 2 to -12 resulted in a -25?40 increase in YS and a 15°Aincrease in UTS.
The tensile ductility measured as uniform elongation and %RA is plotted as a function of FN in Fig. 4 . It can be seen that the elongation is in the range of 40-50°/0 for sulfur levels below 0.4?40and above 35'% at the highest level tested. As can be seen in Table 2 , the total elongation in most cases was just slightly greater than the uniform elongation, reflecting the very small amount of necking that occurred in the specimens prior to fracture. The O/ORAshows a stronger and more systematic sulfur dependence, with measured O/ORA decreasing from -55°/0 at the lowest level of sulfir to less than 30°A at 0.42 Wt.O/O.
The weld fracture surfaces were analyzed using SEM to determine the influence of microstructure on fracture. The results of these evaluations are shown in Fig. 5 (A-C) for welds with sulfi.u contents of 0.04, 0.27 and 0.42 Wt.O/O. In all cases fracture occurred by microvoid coalescence where the microvoids initiated at second phase (primarily sulfide) particles. However, it is apparent that the average dimple size decreases as the sulfi.u content increases. 
EB Weld Results
The EB weld microstructure were similar to those of the GTA welds of the same composition. The primary difference was that the EB welds exhibited a finer structure due to the higher solidification velocity and cooling rates. The primary austenite solidified microstructure of Heat 7, Fig. 6(A) , is characteristic of both heats with the Creq/Nieq ratio of 1.55. Unlike the GTA welds, little eutectic ferrite and no regions of primary ferrite were observed. It can be seen that all the sulfides are again confined to the solidification boundaries. The microstructure of heats with a Creq~ieq ratio of 1.74 exhibited mainly skeletal ferrite. This is shown in Fig. 6(B) for Heat 9. It is also very evident with the primary ferrite solidified structure the sulfides are not confined only to the cell boundaries but a fraction are also trapped within the intradendritic regions. This observation again demonstrates the differences between the two different solidification modes in terms of sulfide trapping at the solid liquid interface. The welds with the highest Creq/Nieq ratios (-1.94) solidified as primary ferrite and exhibited a mixture of skeletal and lathy ferrite, Fig. 6(C) .
The E13 all weld metal tensile properties are given in Table 3 . Again the results are averages of two tests per heat (except for Heats 7 and 10). One of the Heat 7 specimens exhibited both low strength and low ductility, only a little over 10 0/0elongation. This sample also exhibited large amounts of secondary cracking along the gage length. SEM examination of fracture surfaces of this specimen, and both specimens from Heat 1, showed evidence of prior solidification cracks.
(c) The tensile properties were therefore controlled largely by weld defects, the solidification cracks, rather than the weld microstructure. Thus the data in Table 3 for Heat 1 is characteristic of welds with these defects. The results from the one Heat 7 specimen were not included in the data in Table 3 . The EB tensile strengths plotted for all the weld heats except for Heat 1 are shown in Fig. 7 along with the GTA weld data. It can be seen that similar to the GTA welds, both the yield and tensile strengths increase with FIN. The ductility, plotted as '%0 RA vs. sulfur content is shown in Fig. 8 . Again, there is a strong correlation between fracture behavior and sulk content and the behavior is similar for both processes, although the ductility of the EB welds is slightly lower on average
The EB weld fracture surfaces were also examined by electron microscopy. The welds from Heat 1 with a Creq/Nieq ratio of 1.55 and 0.04 wt.% sulfur and which exhibited both low strength and ductility were of special interest. Figure 9 (A) shows at low magnification the weld fracture that exhibits a very prominent, flat appearing region on the upper left side of the fracture surface. Higher magnification shows that this region exhibits a very smooth columnar appearance with evidence of fine surface porosity. Also, transverse to the solidification direction were sulfides associated with the solidification crack that had a rather unusual stringer morphology. A region near the center of the specimen is shown in Fig. 9(C) . In this location, the fi-acture surface exhibits a very prominent columnar appearance, with a finer scale ductile rupture. Thus, the low strength and ductility of these welds can be attributed to pre-existing solidification cracks. It can be seen in Fig. 9 (a) that considerable necking had occurred prior to premature failure resulting fi-om the large defect. A similar but smaller solidification crack region was observed in one of the welds of Heat 7 which again resulted in poor weld properties. As noted above, the results from this specimen were not included in the data plotted in Figs In general the fracture appearance of all the EB specimens at low magnification exhibited a columnar dendritic appearance similar to that shown in Fig. 9(C) . Furthermore, in all cases the fracture occurred by a ductile process with nucleation and growth of voids at sulfide particles. It was found that as the sulfbr content increased, the size and area fraction of sulfides on the fracture increased. This observation is shown in Fig. 10 for sulfi.u-contents of 0.04,0.11, and 0.42 wt.%. Fig. 10(A) shows that at the lowest sulfur concentration (0.04 wt.%), the large majority of sulfldes are spherical in shape and approximately 0.5 to 1 micron in diameter. It is clearly evident that fracture initiated at these particles. At a higher sulfur content (O.110/0Wt.O/O), Fig. 10(B) , a larger number of particles are evident, along with the accompanying smaller average dimple size. It can also be seen that some agglomeration of sulfides has occurred to form larger elongated particles. However, the majority of the sulfides remain spherical but slightly larger than observed at lower S levels. Fig. 10(C) shows that the sulfide morphology was significantly different at the highest level of sulfin-, 0.42 Wt.O/O. Here, in addition to a few large, nearly spherical sulfides, a large number of agglomerated and elongated sulfides are also present. In addition there are numerous colonies of very fine spherical sulfides. It should be noted that the heat shown in Fig. 10(C) has one of the highest Creq/Nieq ratios.
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Discussion
The GTA yield and tensile strengths shown in Fig. 3 increased 25 and 15% respectively, with an increase in calculated FN from -2 to 12. For the range in FN studied here, FN and 0/0ferrite are similar in value. Thus it appears that the increase in strength can be attributed largely to the presence of this second phase. Although there were a large number of sulfide particles, their rather large size does not appear to result in significant strengthening. The ductilities of the GTA welds are plotted vs. sulfur content in Fig. 4 . At the low S levels, 0.04 wt.%, there is a range in RA and uniform elongation of -20% between heats with the three different Cre@Jie~ratios. However, there is no consistent variation in ductility in that the heat with the highest uniform elongation, Heat 3, has the lowest RA, whereas the heat with the lowest uniform elongation has the highest RA. It maybe expected that the heat with the lowest Cre@Ji~r atio that solidified as austenite, Heat 1, would have a larger amount of sulfides due to a lower volubility of S in austenite than ferrite and to a smaller partitioning coefilcient. Unlike the other two heats, the sulfides in the primary austenite structure are also confined to the solidification boundaries. Nonetheless it appears that any slight change in sulfide content and distribution due to the different weld microstructure had no consistent effect on weld ductility. Sulfi.u-did have a large effect on ductility (Fig. 4) reducing the RA from -60Y0 at the lowest sulfir level to 32°/0 at the highest sulfir level independent of Cr~@Ji~~ratio. There was also a significant decrease in elongation at the very highest level of sulfim, 0.42wt.0A. It was found in all cases where there were no preexisting weld defects that fracture occurred by microvoid initiation and coalescence. The void initiation occurred at sulfide particles that were primarily concentrated along solidification boundaries resulting in a columnar dendritic fi-acture appearance. The reduction in ductility with increasing sulfir content can be attributed to a higher number and size of fracture initiation sites that facilitates the ductile fi-acture process. The reduction of dimple size with increasing sulfhr content is apparent in the fractrographs in Figs. 5. It can be seen in Fig. 5(C) that the clusters of fine sulfide particles, which are also evident in the optical micrograph in Fig. 2(C) , play a major role in fracture behavior at the highest sulfir level. The acceleration of microvoid coalescence processes with increasing sulfi.u content also results in the reduction in elongation after the onset of necking. However, is should be noted that for sulfiu levels as high as -0.3 wt.OA,the welds still exhibit a good combination of strength and ductility (uniform elongation over -4O'%O).
The EB welds exhibited mechanical behavior very similar to the GTA welds. The primary difference was attributed to solidification cracking that occurred in the welds with the lowest Cr@Ji.~ratio, i.e. Heat 1 and one of the specimens from Heat 7. The tensile strengths are plotted in Fig. 7 . It can be seen that the measured yield strengths are very similar for both processes, with those of the EB welds being perhaps slightly higher, -1 OYO. This increase maybe due to the finer microstmcture, as can be seen by comparing the microstructure in Figs. 2 and 6 . It can also be seen in Fig. 7 that the yield strengths of the EB welds show less of a dependence on FN. Although FN was not experimentally measured, it appeared that the ferrite content of the EB welds was less than that of the GTA welds made on the same heats. The ultimate tensile strengths of the two weld processes are very similar.
The reduction in area at fi-acture for both processes is shown in Fig. 8 . It can be seen that the trends are the same for both processes, with the W decreasing with increasing sulfiu content. The more precipitous decrease in RA might be expected for the EB welds since the dendrite spacing and sulfide size would both be smaller than in the GTA welds due to the higher cooling rate. This is apparent when comparing the micrographs in Figs. 2 and 6 . The volume fraction of sulfides should remain nearly constant for the same heats with both welding processes except for a small reduction of sulfides in the EB welds due to higher solute trapping at the higher solidification velocities. Overall, with the finer solidification structure, the number of sulfide particles should be greater and the mean particle spacing less in the EB welds. Ductile fracture models predict in this case that the strain to fracture would decrease for the larger number of particles at the same volume fraction (Ref. 25) .
The observation of cracks in EB welds with a Cr@Ii~~ratio of 1.55 is not~expected for primary austenite solidification (Ref. 26) . It is well known that welds that solidi~as primary austenite are much more susceptible to solidification cracking than welds that solidi~as primary ferrite . It is also common that welds made with the high energy density (HED) processes and the associated high thermal gradients are more susceptible to cracking than conventional GTA welds. It was observed here that the GTA welds with Creqmieq of 1.55 solidified in a mixed mode, with the higher sulfur heat exhibiting a larger fraction of primary austenite solidification. An earlier study involving these alloys showed, that for Cr~mieq ratios between 1.75 and 1.90, both GTA and pulsed laser welds exhibited good resistance to solidification cracking. The upper limit of Cr~/Nieq ratio was set by the GTA process, and the lower limit by the high solidification rates of the pulsed laser welding process. These results are shown in Fig, 11 , along with data from Pacary et al. (Ref. 31) where cracking susceptibility is plotted as (P+S) vs. Creq/Nieqratio (using the equivalents of Hammer and Svennson).
At the Cr~/Nieq ratios of-1.74, the pulsed YAG laser welds solidified in a mixed mode of primary ferrite and primary austenite except for Heat 9. This heat with the highest level of sulfur (0.27 wt.%) solidified almost entirely as primary austenite and did exhibit a small amount of cracking. For the intermediate solidification velocities of the EB welds, the lower critical bound on Cr~~/Ni~ratios can be expected to be between the two processes shown in Fig. 11 . However, for EB welds this limit can be expected to be highly dependent upon weld solidification velocity (Refs. 12, 26) . Of course, the degree of constraint also plays a critical role in solidification cracking behavior of primary austenite solidified welds.
From the mechanical property data reported here, and the weld cracking behavior summarized in Fig. 11 , it can be seen that a range of compositions of I?ee machining stainless steel exists that should provide a good combination of solidification cracking resistance and mechanical properties. 
Summary
YAG laser welds
The all weld metal tensile behavior of both GTA and EB welds exhibited similar behavior over a wide range of Cre@li,~ratios and sulfiu contents. A slight increase in strength, (-1 5Yo) with increasing calculated FN was attributed primarily to second phase strengthening by ferrite. The wide range in sulfiu-, 0.04 to 0.42 wt.'%o, had little if any effect on strength. At the lowest Crw/Ni.~ratio of 1.55, EB weld properties were largely controlled by the presence of solidification cracks that formed during primary austenite solidification.
A strong correlation was observed between sulfur content and ductility. This was attributed to the increase in Cr and Mn conttiining sulfides with increasing sulfbr content . In all cases, except in the presence of solidification cracks, fracture initiated at sulfides particles distributed mainly along solidification boundaries. The higher sulfide contents and closer spacing accelerated the ductile microvoid initiation and growth process responsible for the reduced ductility with increasing sulfbr levels. The losses in RA with S content of the EB welds were somewhat higher than those of the GTA welds, which is likely associated with sulfide size and spacing. However, it was found that at moderate sulfur levels, a good combination of strength and ductility was achieved in both weld types. Based on solidification and cracking studies on the same alloys, it was found that a range of compositions of free machining stainless steels exist that should provide a good combination of solidification cracking resistance and weld properties for many engineering applications. 
